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ABSTRACT 
As a major cause of death and disability, traumatic brain injury (TBI) creates 
considerable burdens to society due to high economic costs. Accordingly, investigation 
into the common causes of TBI such as dynamic head impact problems is of great 
importance in order to further understand the injury mechanisms, precisely diagnose the 
level of the injuries, and develop effective prevention methods. Finite element (FE) 
method has been widely used for gaining insights into the mechanical response of brain 
tissue during impacts, yet there are still computational challenges to be addressed and 
severe mesh distortion effect in the cerebrospinal fluid (CSF) is one of them. 
In this study, the coupled Eulerian-Lagrangian (CEL) formulation is implemented 
in the head impact simulations, aiming to overcome the mesh distortion difficulties due to 
large deformation in the CSF region and provide a biofidelic model of the interaction 
between the brain and skull. The CEL method, applied in an impact scenario, is first 
validated using experimental data from a cylindrical surrogate head system. Three 
different FE head models (cylindrical, transverse section, coronal section) are then 
constructed successively to investigate the function of certain brain structures during 
head impacts and compare the injury patterns in different brain regions under different 
impact conditions. Brain regions susceptible to injury are evaluated based on multiple 
criteria. 
According to the simulation results, the accumulation effect of the CSF and the 
contact between the brain and skull are realized by using the CEL method. When 
comparing simulation results using different brain structures, it is found that the sulci 
structures on the brain delays the intracranial pressure (ICP) wave transmission process 
xii 
and lowers the pressure level in the brain. The arachnoid trabeculae restrain the large 
movements of the brain, and together with the sulci, help to prevent the CSF 
accumulation at the contrecoup impact site. By comparing the direct and non-contact 
head impacts with same brain-skull motion, the results confirm a more apparent injury 
pattern in the direct impact case. However, the thalamus and midbrain regions are more 
susceptible to axonal injury in the non-contact impact case, which also shows higher 




CHAPTER 1.    INTRODUCTION 
Traumatic brain injury (TBI) is a critical public health problem affecting all 
populations throughout the world. It constitutes one third of all injury-related deaths in the 
United States [1] and it is a major cause of death and disability, especially in young adults [2]. 
In the United States, traumatic brain injury (TBI) affects about 2.8 million people annually 
and contributes to 30% of all injury-related deaths based on a study in 2017 [3]. The 
mortality rate from TBI is about three times of those without it [4]; and the disability rate due 
to TBI is much higher than the mortality rate. This gives rise to serious burdens to the society 
with high economic costs, which is about 35-50 billion dollars in the United States 
considering the occupation of the healthcare resources as well as the loss of manpower [5,6]. 
Mild traumatic brain injury (mTBI), which is commonly called concussion, constitutes the 
majority of TBI. Most concussion symptoms, predominantly neuropsychiatric, are not able to 
be reliably detected immediately by current technology [7]. However innocuous it seems to 
be, concussion, especially the repetitive ones, has the potential to cause late-life cognitive 
impairment in sports players and soldiers [8,9]. This is why the Center for Disease Control 
claimed that TBI to be a ‘silent epidemic’ which demands further investigation [10].  
1.1 Traumatic Brain Injury (TBI): Classifications 
Clinical severity, pathoanatomic type (i.e. anatomical features) and physical 
mechanism (such as the causative forces) are three main ways to classify TBI [11]. In the 
biomechanics and prevention fields of TBI, the most widely used classification system is 
physical mechanism, and according to which, the TBI can be divided into open (penetrating) 
and closed head injury [2]. The open head injury describes injury cases that involve the 
fracture of the skull and the breach of the dura matter, while the closed head injury refers to 
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cases when the brain is not exposed [12]. This study focuses on the closed head injury cases. 
According to the pathoanatomic type of classification, which describes the location or 
anatomical features of the injury, the TBI can be classified to be either focal or diffuse. Focal 
brain injuries usually take place in small, specific areas. Common focal brain injuries include: 
(1) cerebral contusion, which usually results from the contact between the brain and inside of 
the skull; (2) cerebral laceration, which involves the split of pia-arachnoid (the tissue 
structure in Figure 1.1 (b)); (3) subdural hemorrhage, which is caused by the bleeding 
between the dura mater and the arachnoid; and (4) intracranial hemorrhage, which is the 
bleeding of the brain tissue [13]. Focal brain injuries are mostly associated with direct 
mechanical impact (such as a strike or a fall). The brain tissues are susceptible to lacerations 
caused by the tensile or compressive stress generated during the impacts. Diffuse brain injury 
appears in a more widespread area and the brain is usually injured at multiple locations. 
Common types are: (1) diffuse axonal injury (DAI), in which white matter of the brain is 
exposed to widespread damage; (2) ischemic brain injury, which results from an insufficient 
blood supply to the brain; and (3) diffuse brain swelling, which will lead to dangerous 
increase of intracranial pressure (ICP) [13]. In contrast to the focal brain injury, diffuse brain 
injury can take place in non-impact conditions, such as indirect impacts (e.g. explosions) or 
acceleration/deceleration processes; and shear stresses generated during the brain rotation are 
a common cause of diffuse injuries [14]. Diffuse head injury is usually difficult to detect and 
define since most injury patterns are in the microscopic level [13]. In comparison, focal brain 
injury is much easier to be detected than diffuse brain injury and its injury location is usually 
directly at the site of contact between the brain and skull. The tissue damage of focal brain 
injury is highly dependent on the peak pressure during the impacts [15,16]. During impacts 
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with head rotations, however, diffuse brain injury is much more prevalent than focal brain 
injury [17]. This is attributed to the fact that the shearing forces generated during head 
rotations have far more damaging effects than tensile/compressive forces with same impact 
energy [18,19]. Even when the rotational motion is not present, significant elevation of 
acceleration or ICP gradient can also cause shear between the gray matter-white matter 
junctions, leading to diffuse brain injury [20]. DAI, which is one type of diffuse brain injury, 
is considered as the most devastating form of TBI [21]. When DAI takes place during a head 
impact, the axons that are widely clustered in the white matter will suffer from rapid and 
excessive elongation or even rupture [22]. The teared axons will be drawn back to the cell 
body and form a ‘retraction ball’, which leads to the axonal degeneration [23]. Brain regions 
with highly organized tracts of axons, such as corpus callosum and brain stem, are common 
injury locations of DAI. 
 
 
Figure 1.1 Anatomical structures of brain layers in coronal view [24]: (a) arachnoid mater 
and neighboring anatomical structures; (b) subarachnoid space structures.  
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The mechanism of brain injury has been well studied in the past few decades. 
Ommaya et al. [18] provided one of the clearest outlines of the head impact process, which is 
shown in Figure 1.2. Static loading is not discussed here since it is not a common cause of 
brain injury [18]. This study focuses on the two kinds of dynamic impacts: (1) the direct 
impacts to the head, which commonly take place in sport-related head impacts; and (2) the 
non-contact head impacts (impulse), such as sudden acceleration/deceleration of the head, 
which are prevalent in traffic collisions.  
 
Figure 1.2 Flow chart of the brain injury mechanism [18]; the mechanical input is shown in 
the top left and the excessive deformation of brain tissue resulted from the impacts is 
indicated as biologic responses; the dashed lines respresent the least possible causal 
relationships. 
1.2 Human Head Structure 
The weight of average sized adult human head ranges between 4.5 to 5 kg, one-third 
of which is contributed by the brain alone [25]. Figure 1.3 shows the human head cross 
section structure in three body planes [121]. It can be seen from the figure, the human head 
consists of a outer portion and an inner portion. The outer portion, which includes the scalp, 
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the skull and the dura mater, plays a significant role protecting the soft inner portion (brain 
part) enclosed in it. The brain can be further divided into three major subregions: the 
cerebrum, the cerebellum, and the brainstem. From the coronal section and the horizontal 
(transverse) section, it can be seen that the cerebrum is divided into two cerebral hemispheres, 
which are separated by the falx cerebri. The cerebrum has a outer gray matter layer called 
cerebral cortex, which covers the inner white matter region. The gray matter and white matter 
occupy about 85% of the brain region [26]. The gray matter, which contains mostly neuron 
cell bodies, generally shows isotropic behaviors under loading. The white matter is 
distinguished from the gray matter in that it is made of axon tracts, and this is why axonal 
injuries are prevalent in the white matter region [27]. The cerebellum is located in the 
posterior cranial fossa inferior to the cerebrum, as shown in the sagittal view at the bottom of 
Figure 1.3. The brainstem, lies at the posterior part of the brain and is continuous with the 
spinal cord, includes an upper midbrain, a middle pons and a lower part called medulla 
oblongata.   
The brain region also contains four interconnected ventricle systems, where the CSF 
is generated. The cerebrospinal fluid (CSF) is a colorless fluid with water-like properties. It 
circulates between the skull and the brain, providing basic mechanical and immunological 
protection to the brain inside the skull. The CSF also provides damping and buffering effects 
during head impacts to protect the delicate brain [28]. Since the density of the brain and CSF 
are almost the same, the brain just suspends inside the skull through the arachnoid trabeculae, 
which are delicate strands of connective tissue that loosely connect the two innermost layers 
of the meninges – the arachnoid mater and the pia mater [122]. These cranial tissues, together 
with the brainstem at the base, constrain the motion of the brain when sudden head 
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movements occur. Nevertheless, the brain lacks intrinsic reinforcement and is barely 
surpported by the falx cerebri and the tentorium cerebelli (extensions of dura mater), making 
it particularly vulnerable to shearing forces [5]. 
 
Figure 1.3 Human head structure in three body planes: coronal plane, horizontal (transverse) 
plane, and sagittal plane [121]. 
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1.3 Thesis Outline 
This study investigates the dynamic brain responses to head impacts using coupled 
Eulerian-Lagrangian method. The thesis consists of six chapters. The first one showed an 
introduction of traumatic brain injury (TBI) and human head structures. The second chapter 
provides the literature review of the state of art finite element (FE) head model, brain injury 
criteria, constitutive model for brain tissue material, the CEL formulation in Abaqus/Explicit 
and the Abaqus-Python interface to access the output database.  
Chapter 3 first describes the experimental setup of a cylindrical surrogate head system, 
where polyurethane is used as the brain tissue simulant. The FE model of the experimental 
setup is then constructed to validate the CEL formulation used in an impact scenario. Then, 
hyper-viscoelastic properties are applied on the brain part of the cylindrical FE head model to 
perform an initial investigation of the brain dynamic responses under different relative 
velocities between the brain and skull. The results will then be used to compare with the 
simulation data in Chapter 4, where more detailed brain structures are involved. 
In Chapter 4, important brain and skull structures (sulci, falx, ventricles, and the 
arachnoid trabeculae) that are neglected in the head simulant in Chapter 3 are added in a 
transverse section FE head model to study the brain responses under translational and 
rotational non-contact impacts. The brain dynamic responses are compared with the 
simulation results in Chapter 3, in order to investigate the function of certain head structures 
when the head is subjected to non-contact frontal impacts. The three brain tissue responses, 
ICP, maximum principal strain (MPS), and von Mises stress are used as predictors of injury 
likelihood. 
Chapter 5 shows the third phase of this study. The objective of this part is to compare 
the impact pattern and injury likelihood of different brain regions between direct and non-
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contact side impact conditions. A coronal section FE head model is used here. Local 
differences in mechanical properties within the white matter region are considered by 
applying varied primary orientations and tissue alignments for different brain regions. The 
maximum shear (Tresca) stress and MPS criteria are applied as the injury predictors. The 
influence of the tissue alignment in the brainstem region is also investigated.  
Chapter 6 summarizes this work and proposes the future perspectives. 
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CHAPTER 2.    LITERATURE REVIEW 
2.1 Review of Finite Element (FE) Head Models 
Due to the lack of accurate measurements of the human head kinematics, 
computational modeling, such as finite element (FE) method, has been playing a critical role 
in understanding the mechanism of head injuries.  
Many FE head models have been developed in the past few decades to investigate the 
transfer of mechanical energy from external impact to stress/strain in the brain in various 
impact conditions [29–38]. Important insights into the head injury mechanisms and 
prediction of brain biomechanical responses have thus been provided. For example, Ruan et 
al. [29,30] developed a three-dimensional (3D) FE head model to study the brain response to 
direct impacts at different sites of the head; they have shown that the impact location was an 
important parameter in direct head impact study. Gong et al. [38] simulated a non-contact 
head impact caused by a sudden motion of the human head and show that the rotational 
acceleration of the head dominates the shear stress response of the brain. Chafi et al. [37] 
simulated the dynamic responses of brain under blast pressure waves and evaluated the 
possibility of brain injury based on the level of ICP, stress and strain.  
To predict more realistic biomechanical responses of brain, prudent consideration has 
to be made in modeling proper and effective brain-skull interface. It has been revealed that 
modelling cerebrospinal fluid (CSF) using fluid-like property shows most comparable results 
with experimental data [34–37,39,40]. However, a fact that is hard to ignore is that the 
elements of the CSF region are susceptible to mesh distortion when modeled using 
Lagrangian elements with fluid properties. This significantly hinders the study of the brain 
responses under high impact levels. To avoid the mesh distortion issue in the CSF region, 
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Willinger et al. [41] considered an Arbitrary Lagrange Euler (ALE) formulation [42] to 
model fluid-structure interaction (FSI), concluding that the intracranial pressure (ICP) 
response was more closely related with experimental data than employing a solid interface. 
However, the ALE method cannot completely solve the mesh distortion problem in the CSF 
region when the fluid thickness goes to zero. Yan et al. [34] modeled the CSF as a 
hydrostatic fluid filled in cavities, by using a surface-based fluid approach which allows for 
FSI without using any elements, but the sloshing or wave propagation through the fluid 
cannot be realized using this method since the cavity is assumed to be completely filled with 
fluid with the same properties and state [43]. Toma et al. [44] implemented a smoothed-
particle hydrodynamics (SPH) approach to introduce FSI, so that the cushioning effect of the 
CSF on these features can be realized by clearly meshing the gyri, sulci and ventricular 
system. However, the treatment of boundary conditions is a big challenge in the SPH 
approach partly because the particles near the boundary keep varying with time [45,46]. 
When it comes to the investigation of different impact conditions, the FE simulation 
of direct head impact problems draw a wider attention than non-contact impacts due to a 
higher incident rate reported when direct contact between head and another object takes place 
[47]. In sports, for example, the potential for mild TBI (mTBI) such as concussion is closely 
correlated to the possibility of head contacts between players [48]. However, there is 
evidence that DAI can be caused by non-impact head accelerations [49,50], although the 
definitive diagnosis, especially in its early stage, is challenging [51]. 
The FE head models are generally validated with two forms of experimental data: 
intracranial pressure (ICP) and brain displacements. Among the popular experimental data 
used for validating the FE head model is the cadaveric test data provided by Nahum et al. 
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[52,53]. This cadaveric test data has been widely used to validate the ICP responses of the FE 
head model [29–31,54,55]. Considering that injury generally correlates better with strain than 
ICP [56–59], Hardy et al. [60,61] performed several cadaveric experiments, the data of which 
presented the time history of ICP, MPS, and the relative displacement between the brain and 
skull.   
2.2 Brain Injury Criteria  
In the past few decades, to establish trustworthy criteria to predict and evaluate the 
injury likelihood of TBI, researchers from different fields have made great efforts in 
correlating the severity of brain injury with findings through clinicopathologic, 
epidemiological, neuroscientific and biomechanical studies. In particular, biomechanical 
research plays a more significant role among others in promoting the understanding of the 
head injury mechanism. This is because from the perspective of biomechanical engineering, 
the mechanical interactions between the brain and skull, such as the stretch, twist, abrasion or 
even fracture of the multilayered tissues, are responsible for the brain injury. Therefore, the 
mechanically involved parameters such as ICP, stresses and strains are proposed to be 
indicators for predicting the potential brain injury incidents [62].  
The tissue damage is closely correlated to the peak ICP during the impacts [15,16]. 
Zhang et al. [63] has shown in their study that and the duration of the overpressure in the 
brain will also influence the injury severity; they also suggested that ICP should be used as a 
global response indicator for head injury, since in their study although the ICP amplitude 
could reflect the severity and extent of the brain tissue responses to the given impact, the 
location and level of the peak ICP fail to correlate with the experimental results very well. 
Chafi et al. [37] also suggested that ICP should not be the only criterion used to predict brain 
injury since ICP is primarily a function of head’s translational acceleration. Compared to ICP, 
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Zhang et al. [63] suggested in their study that the maximum shear stress and strain is more 
sensitive to head’s rotational acceleration; and the shear stress response in the midbrain 
region is the best injury predictor over other injury criteria. This is why shear stress and 
strain are the main predictors for DAI injury, where, tensile elongation of axons is a crucial 
injury pathway [64,65]. Table 2.1 listed some important threshold limits of stress, strain and 
pressure that are used to evaluate the injury likelihoods in this study. 
2.3 Material Models for Brain Tissue  
In the FE modelling of head impacts, the accuracy of constitutive formulation of the 
brain tissue plays an important role in the overall performance of the simulations to represent 
the close correlation between internal microscopic structure of brain tissue and its 
macroscopic mechanical behaviors [71]. However, the brain tissues are known to be 
inhomogeneous and highly complex, which, makes it a difficult task to identify a constitutive 
law to describe its properties accurately. Over the past few decades, numerous constitutive 
models have been developed for the brain tissues, ranging from linear elastic [72] to linear 
viscoelastic [73], then to hyperelastic [74] and hyper-viscoelastic models [75–77].  
Assuming that the material is initially isotropic, then the strain energy potential 𝑈 can 
be written in terms of the strain invariants 𝐼1̅,  𝐼2̅ and 𝐽𝑒𝑙: 
 
𝑈 = 𝑈(𝐼1̅, 𝐼2̅, 𝐽𝑒𝑙) (2.1) 
Where 𝐼1̅ and 𝐼2̅ are the measures of deviatoric strain, 𝐽𝑒𝑙 is the measure of volumetric 
strain. Figure 2.1 shows the five hyperelastic material models in Abaqus[43]; each defines 
the strain energy function in a different way. These models can be divided into two types: 
physically-motivated models and models based on phenomenological theory. For physically-
motivated models, the material response is considered from the viewpoint of the 
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microstructure, while phenomenological models treat the problem from the viewpoint of 
continuum mechanics. Generally speaking, when data from multiple experimental tests (like 
uniaxial tension/compression, planar test, biaxial test) are available, the Van der Waals and 
Ogden strain energy functions are more accurate in fitting the stress-strain curves. However, 
these models have found to be quite dangerous when limited test data are available for 
calibration since the characterization for other modes can be very poor (the stiffness errors 
might be several orders of magnitude) [43]. Considering the sensitivity of the strain energy 
function, variations in the first strain invariant is much higher than the second one [78]. Thus, 
the Marlow model was constructed with only the first invariant term to prevent introducing 
coefficients calibrated from potentially inaccurate data into the function [79–81]. It has been 
found that the elimination of the second term from the strain energy potential have shown its 
superiority in predicting the behavior of complex deformation states, given limited test data 
[82–85]. The constitutive formulation and coefficients of some commonly used models are 
briefly introduced and summarized in Table 2.2. 
The material models described above are all based on the isotropic assumption of 
brain tissue. However, brain tissue material exhibits highly anisotropic behaviors due to the 
rearrangements in the microstructure when subjected to large deformation [75], which 
nevertheless is the characteristic phenomenon during head impacts [95]. Pierpaoli et al. [96] 
have shown that the gray matter generally shows isotropic behaviors, but the white matter 
region consists of highly oriented axons, which explains why axonal injuries are most 
prevalent in regions such as corpus callosum and brainstem [27]. To increase the biofidelity 
of the material models for the highly structured brain tissue, the anisotropic features of brain 
tissue have been widely studied in recent years [88,95,97–100]. In their study of the 
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mechanism of closed head injury, Halabieh et al. [101] suggested that the dynamic responses 
of brain in diffuse axonal injury (DAI) are highly associated with the tissue orientation in the 
white matter. Colgan et al. [98] incorporated the complex neurocognitive pathways of tissue 
orientations in the brain and suggested that the injury severity and location is influenced by 
the brain tissue orientation. Giordano et al. [88]  investigated the relationship between the 
mechanical anisotropy and fractional anisotropy (FA) of brain tissues through diffuse tensor 
imaging (DTI); they suggested that the simulation biofidelity is affected by incorporating 
fiber dispersion information into the constitutive equation of brain tissue.  
Holzapfel et al. [97], Gasser and Ogden [95] proposed an invariant-based formulation 
to show that the strain energy depends not only on deformation, but also on the fiber 
orientations. This anisotropic hyperelastic model is based on the continuum theory of fiber-
reinforced composites [102], where the strain energy function can be defined in terms of the 
invariants of the deformation tensor and fiber directions. In this way, an anisotropic 
hyperelastic material can be considered as consisting of an isotropic hyperelastic matrix 
reinforced with N families of fibers with directions characterized by a set of unit vectors Aα. 
The strain energy potential of Holzapfel-Gasser-Ogden formulation can be expressed as, 
 















  (2.2) 
with, 
 ?̅?𝛼 ≝ 𝜅(𝐼1̅ − 3) + (1 − 3𝜅)(𝐼4̅(𝛼𝛼) − 1) (2.3) 
where, U is the strain energy potential per unit volume; 𝑘1and 𝑘2 are temperature dependent 
parameters; the number of families of fibers N should satisfy N ≤ 3; the dispersion parameter 
𝜅 is in the range 0 ≤ 𝜅 ≤
1
3
 and it describes the level of dispersion in the fiber directions: 
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𝜅 = 0 means that the fibers are perfectly aligned (pure anisotropic) and there is no dispersion; 
𝜅 = 1/3  means that fibers are randomly distributed (isotropic); 𝐼4̅(𝛼𝛼)  are the pseudo-
invariants of distortional part of the right Cauchy-Green tensor and vectors Aα. Above all, the 
first two terms in equation (2.2) represent the distortional and volumetric contributions of the 
material respectively; the third term represents the contributions from the different families 
of fibers with the dispersion effects;  
Giordano et al. [88] proposed a relationship between FA and the dispersion coefficient 𝜅 
in Holzapfel-Gasser-Ogden’s model based on the assumption that the dispersion parameter 












This relationship provides insights into how to connect the medical DTI data with the hyper-
viscoelastic fiber-reinforced anisotropic material model for the brain tissue. For the FE model 
constructed in Chapter 5, the primary orientations of the tissue at different brain regions are 
shown in Figure 2.4, and they are based on results from Giordano et al. [88] and Ugurlu et al. 
[99], as illustrated in Figure 2.2 and 2.3. It can be seen that the fiber principal orientation in 
corpus callosum is in the lateral direction, while for the frontal and parietal lobe, the 
thalamus and brainstem are in the superior– inferior direction. The cerebellum is actually 
located behind the brainstem, the bundle shown in red (MCP-middle cerebellar peduncle), 
green (ICP-Inferior cerebellar peduncle) and orange (SCP-Superior cerebellar peduncle) 
connect the cerebellum to the brainstem. Thus, the primary direction of the tissue in this 





Table 2.1  Proposed injury thresholds for TBI in the literature 
Parameter Location Thresholds Reference 
ICP  
> 235 kPa → Severe injury 
< 173 kPa → Minor or no injury 
Ward et al. [66] 
von Mises Stress   
> 18 kPa → 50% risk for moderate neurological lesions; 
> 38kPa → 50% risk for severe neurological lesions. 
Willinger et al. [41] 
≥  26 kPa → Axonal damage Deck et al. [67] 
> 7 or 8.6 kPa → Contusion Anderson et al. [68] 
Shear Stress 
 8 –  16 kPa →  Severe Injury (mild DAI) Anderson et al. [69] 
11 − 16.5 kPa → Severe injury Kang et al. [31] 
Midbrain 
>  7.8 kPa → 50% probability of mild TBI (optimal) 
>  6.6 kPa → 31% probability of mild TBI 
Zhang et al. [63] 
6.2 − 10.6 kPa → Injury 
3.4 − 7.2 kPa → Non-injury 
Thalamus 
3.3 − 5.7 kPa → Mean injury stress 
1.9 − 3.7 kPa → Mean non-injury stress 
Maximum Principal 
Strain 
 > 0.14 → 25% probability of mild TBI (conservative)  
> 0.19 → 50% probability of mild TBI (optimal) 
> 0.24 kPa → 80% probability of mild TBI (liberal) 
Zhang et al. [63] 
≥  0.18 → Axonal damage 
> 0.31 → 50% possibility to have mild DAI 
Deck et al. [67] 
< 0.1 → No cell injury 
> 0.2 → may induce cell injury 
Morrison et al. [65] 
Corpus 
callosum 
≥ 0.07 → Injury 
Giordano et al. [70] 





Figure 2.1  Hyperelastic models in Abaqus 
 
Figure 2.2  Brain tractography from Giordano et al. [88]. (a) Corpus callosum: fiber principal 
orientation is in the lateral direction (A, anterior; P, posterior; L, left; R, right). (b) Frontal 
and parietal lobe: fiber principal orientation is in the superior– inferior direction (A, anterior; 
P, posterior; S, superior; I, inferior). (c) Thalamus: fiber principal orientation is in the 
superior– inferior direction (A, anterior; P, posterior; S, superior; I, inferior). 
 
Figure 2.3  Axon tracts configuration from Ugurlu et al. [99] (a) 10,000 fiber tracts 
reconstructed by tractography using seeds in the brainstem, colored according to local fiber 
orientation; (b) coronal views of fiber tracts belonging to major white matter bundles in the 
brainstem colored according to bundle; (c): sagittal views of fiber tracts belonging to major 





Table 2.2 Commonly used material models for brain tissue in the literature 
Type Constitutive equation Coefficients Application 
Linear viscoelastic 
 Young’s modulus:E = νε, where ν is the 
Poisson’s ratio; 
Behavior in shear: G(t) = G∞ + (G0 − G∞)e
−βt, 
where G0 is the short term shear modulus; G∞ is 
the long term shear modulus and β is the time 
decay factor. 
E = 0.307 MPa, 
ν = 0.4996, 
G0 = 0.528 MPa, 
G∞ = 0.168 MPa,  







Strain energy function: 





where C10 and C01are material coefficients; 𝐼1̅and 
𝐼2̅are measures of deviatoric strain; Jel is the 
volume ratio, a measure of volumetric strain.  







C10 = 3653.5 𝑃𝑎, C01 = 4059.4 𝑃𝑎, 
Prony series: 
g1 = 0.52826,  
𝜏1 = 0.008 𝑠, 
g2 = 0.3019,  










αi − 3) +
1
2
 K(J − 1)2, 
where λ1, λ2, and λ3 are the three principal 
stretches; μi and αi are material constants. 





α1 = 10.1, 𝜇1 = 53.8 𝑃𝑎, 
 α1 = −29.5, 𝜇1 = −120.4 𝑃𝑎,  
G0 = 12.5 kPa, G∞ = 1 kPa,  
β = 100 s−1 
[90–93] 
Marlow 
𝑈 = Udev(𝐼1̅) + Uvol( 𝐽𝑒𝑙) (independent of 𝐼2̅), 
where Udev and Uvol are the deviatoric and 
volumetric parts of the strain energy potential 
respectively. The Prony series acts as a non-
dimensionalized multiplier to the strain energy 
potential: 







No curve fitting needed. 
(In Chapter 4, material data obtained from [94] is 
used, Prony series: 
g1 = 0.12054,  





Figure 2.4  Illustration of primary fiber orientations in different brain regions. 
2.4 Coupled Eulerian Lagrangian (CEL) Method 
2.4.1 Explicit Methods 
Explicit methods are widely used in solving high deformation time-dependent 
dynamic problems due to their remarkable advantages such as no iteration is needed, less 
storage space is required for large problems, and the contact treatment is simplified. Central 
difference operator, which is based on the 2nd order accurate central difference 
approximation, is used in explicit methods to precede the velocity solution to half time step 
and displacement solution to one time step using the acceleration data at time step n, 
 x










2 + u̇n∆tn (2.6) 
 
where x is displacement, u is velocity. 
The explicit calculation is conditionally stable and the stability limit, which is also 
called Courant number, is defined as the smallest time for the sound wave to go through an 
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element in the mesh. Smaller time steps will be used when it comes to circumstances 
involving high velocity impact. In addition, the time step size may also depend upon the 
mesh sizes, the contact algorithm and the shock viscosity magnitude [103]. 
2.4.2 Lagrangian and Eulerian Descriptions: Advantages and Disadvantages 
In nonlinear finite elements simulations, there are two main ways of approaching 
problems that involve the motion of deformable materials, i.e. the Lagrangian and the 
Eulerian descriptions. Lagrange calculations have shown high accuracy and efficiency in 
solving a variety of engineering problems as long as the Lagrangian mesh remains regular 
[104]. However, when the Lagrangian part is subjected to large deformation, mesh distortion 
will take place and lead to inaccurate solutions [105,106]. Although multiple automatic 
remapping techniques were developed to replace a distorted mesh with a regular one [42,103] 
in the interior region, nodes on the boundary and material interfaces must be left unaltered. 
Therefore, the remapping techniques only slightly extend the application of Lagrangian 
formulation. 
On the other hand, in the Eulerian formulation, no element distortion will occur since 
the movement of the continuum is specified as a function of the spatial coordinate and time. 
However, for problems where domain boundaries are free to move, the boundary nodes will 
not be in accordance with the boundary in the Eulerian formulation [106]. A more reasonable 
way to solve such problems is to add a Lagrangian description to the Eulerian formulation in 
order to construct a movable boundary condition to the Eulerian region. In this way, the 




2.4.3 Coupled Eulerian Lagrangian Formulation  
To overcome the difficulties with regard to large deformation in FE simulations, the 
CEL method has been developed and widely used ever since [107,108]. The scheme of the 
CEL formulation in Abaqus/Explicit is shown in Figure 2.5. In the CEL formulation, the 
calculation for each time step can be divided into three parts: Lagrange calculations, Eulerian 
calculations, and a calculation that couples the Eulerian and Lagrange method. During the 
coupling, calculations define the active part of the Eulerian mesh using the Lagrangian 
boundary information and also determine the pressures exerted on the Lagrange boundaries 
from the Eulerian region [103,106,109], as shown in Figure 2.6. For example, suppose that 
the Eulerian mesh has been determined and the state and the positions of the Lagrange mesh 
at time step tn is known, then the calculations for the tn+1 can be proceeded in this way:  
(1) The Lagrange difference equations are solved for each element using the given 
state to get the new positions of the Lagrangian mesh for tn+1.  
(2) Then, the new position of the Lagrangian mesh is used as velocity boundary 
condition for the Eulerian mesh to solve the Eulerian difference approximation 
equation to determine the state of the Eulerian region for tn+1.  
It is worth noting in this step that some of the Eulerian elements may be occupied 
or partially occupied by the Lagrangian mesh, as shown in Figure 2.6. For these 
elements the velocities at the covered edges are solved by requiring that the 
normal velocity of the Lagrangian boundary is the same as the fluid velocity in 
the same direction. Then the element volume can be solved by subtracting the 
partially covered Lagrangian volume from the Eulerian element volume.  
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(3) Next, the pressures which act on the boundaries of the Lagrange grids need to be 
solved using the state of the Eulerian region just calculated. Each of the 
Lagrangian boundary segment is treated independently and subdivided into a 
group of subsegments, each of which is considered as a portion of the segment 
that partitions a particular Eulerian element. Then, the force produced by a certain 
Eulerian element to a segment is the normal component of the stress acting at the 
subsegment centroid times the subsegment area.  
After the pressure is updated, one basic time step of the calculation has been 
completed. 
 
Figure 2.5  Velocity and pressure boundary conditions 
 
Figure 2.6  Velocity and pressure boundary conditions 
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In the Eulerian part’s calculation, Abaqus/Explicit implements the volume-of-fluid 
(VOF) method [110], where each element in the Eulerian region is assigned a percentage in 
the range of 0~1 representing the Eulerian volume fraction (EVF) occupied by the material. 
For example, EVF is equal to 1 if the Eulerian element is 100% full of material, while EVF 
is 0 if the element is filled with complete void. These volume fraction data have to be 
computed for each Eulerian element at each time increment to reconstruct the Eulerian 
domain. In this way, the part of the Eulerian material interface that is not overlapped with the 
Lagrangian boundaries can be tracked and shaped.  
In the CEL code, the Eulerian mesh must extend well beyond the Eulerian boundaries 
to provide enough space for the material to move and deform. So, the initial material region 
has to be defined before the calculation. The FE model in this study implements Lagrangian 
elements for the brain and skull and Eulerian elements for the CSF. A portion of the brain 
Lagrangian mesh is initially positioned inside the Eulerian mesh of the CSF region (shown in 
Figure 2.7), so the overlapped portion of the Eulerian mesh contains only a void at the 
beginning. When the brain moves into the Eulerian mesh with EVF > 0, the Lagrangian body 
will push the material out of the Eulerian elements that it passes through, leaving these 
elements filled with a void. Likewise, the Eulerian material will be prevented from 
penetrating the Lagrangian elements as it is flowing toward the Lagrangian body. Therefore, 




Figure 2.7  Schematic representation of the brain model constructed with the VOF method 
One special situation of concern is that the stable time increment will approach zero if 
the volume of the Eulerian cell becomes a very small fraction of its original volume (EVF →
0). Then, the simulation will hardly proceed. To avoid this situation, a blending technique is 
used, so that the element with very small EVF can be blended with their adjacent elements to 
maintain a large time step and its mass, internal energy and work will be redistributed in the 
blended cells. The blending technique is applied when the EVF is approaching zero and 
removed when the time increment is large enough not to control the time step. 
2.5 Abaqus Scripting Interface to Access Output Database (ODB)  
Although Abaqus/CAE provides a graphical user interface (GUI) to create models 
and to visualize the results, the result processing through GUI is usually time-consuming, 
especially when results on numerous nodes or elements or user-defined post-processing are 
needed. The Abaqus Scripting Interface, an application programming interface (API), was 
developed aiming to bypass the GUI and communicate directly with the kernel [43]. 
Generally speaking, the Abaqus Scripting Interface is an extension of the Python object-
oriented programming language and the file containing Abaqus Scripting Interface 
commands is called a script. As shown in Figure 2.8, when an existing database is open, the 
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ODB file contains all the objects found in the output database, such as instances, steps, and 
field output data. In addition, an output database generated from an Abaqus analysis includes 
the model data as well as the results data. The model data shows the information of the parts 
that constitute the root assembly, such as nodal coordinates, set definitions, and element 
types; while the results data contain analysis results such as values of stresses/strains, 
velocities and displacements.  
  
(a) (b) 
Figure 2.8  (a) The output database object model; (b) The model data object model. [43] 
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CHAPTER 3.    VALIDATION OF THE CEL METHOD IN AN IMPACT SCENARIO 
This section shows the validation of the CEL method in an impact scenario. A 
cylindrical head simulant is used here. A parametric study of initial relative velocity between 
the cylindrical brain and skull simulants is also performed to investigate the ICP, maximum 
principal strain (MPS), von Mises and maximum shear (Tresca) stress responses of the brain 
part. 
3.1 Experimental Setup 
In the experimental setup, as shown in Figure 3.1 (a), a cylindrical head simulant is 
fabricated using dimensions comparable with an adult human brain. For simplicity, the 
cylindrical shape is chosen to simulate the brain geometry in the transverse plane. The head 
simulant is held vertically to eliminate gravitational effects and enable a horizontal 
compression of the water (CSF surrogate) during the impact. The outside sleeve represents 
the skull and the two inside cylinders represent the brain part. Polyurethane is used as the 
brain tissue surrogate during the experiments based on the isotropic assumption of the brain 
materials. Considering the inner part of the brain (white matter) shows a stiffer response than 
the outer layer (gray matter) [111,112], the inner inside cylinder uses polyurethane (75A 
durometer), which is about two times stiffer than the outer cylinder (40A durometer). Two 
caps are placed on top and bottom of the cylinders to prevent the leakage of the water. Three 
brackets are used to constrain the motion of the outside cylinder (sleeve), while the inside 
cylinder is driven by the shaker which is connected to a rod that goes through the inner 
cylinder. The shaker is driven by the motor through the chains. During the experiment, the 
forces acting on the outside cylinder are measured by the three force transducers (PCB 
208C03) placed on the three brackets. One of the transducers is along the inside cylinder’s 
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translational direction (set as Y direction), the other two transducers are all 30 degree to the 
Y direction. An accelerometer (PCB 356A26), which measures the inside cylinder’s 
acceleration, is placed on the shaker’s frame. The acceleration data collected from the 
experiment are used as input data in the FE model. The input parameters for the FE 
cylindrical simulant is shown in Table 3.1. 
 
Figure 3.1 Structure of the laboratory head simulant: (a) photo of the laboratory experimental 






Table 3.1  Input parameters for the cylindrical head simulant and FE model 
Structure Material Dimension 









Outside sleeve Nylon 6/10 7 mm thick 1400 8.3 0.28 4176 
Linear hexahedral 





PU 75A 38.1 mm radius 1200 0.00307 0.48 
11458 Inside cylinder 
(outer part) 




6 mm radius 7870 200 0.29 
Fluid water 1.27 mm thick 
Water 
(Bulk modulus-2.19 GPa, Density-1000 
kg/m3, viscosity-0.001 m2/s) 
14688 
Linear hexahedral 




3.2 FE Modeling of the Experimental Head Simulant 
The FE head model, as shown in Figure 3.2, is used to simulate the experimental head 
simulant. Based on the experimental setup, the FE model first consists of a symmetric 
boundary condition with respect to the y-z plane to reduce simulation time. Also, considering 
the deformation of the model in the vertical direction (z-direction) is constrained by the two 
caps, the model can be treated as a plane strain condition. Thus, only one layer of elements is 
needed in the z-direction and the displacements of the surfaces normal to z-direction were set 
to be zero. The CEL formulation requires that the Eulerian region must be constructed 
beyond the initial Eulerian material boundary (as shown in red in the fluid part in Figure 3.2) 
to provide enough space for the Eulerian material to move and deform; and in order to 
increase accuracy, the Eulerian mesh has to be much denser than the Lagrangian mesh. 
Lastly, a fixed boundary condition is applied to the outer surface of the outside cylinder, 
while the acceleration data from the experiment is applied on the rod region of the white 
matter to control the inner cylinder’s motion.  
 




3.3 Comparison between FEA and Experimental Data 
The raw acceleration data measured from the experiments is plotted in Figure 3.3 (a). 
In addition to the inner cylinder oscillating with the shaker, it can be seen that there is also 
noise present in the signal. To capture the main oscillation characteristics, a fast Fourier 
transform (FFT) is applied on the raw data. The FFT results are plotted in Figure 3.3 (b), 
from which three main frequencies can be identified. Using these three main frequencies, the 
reconstructed acceleration signal is plotted in Figure 3.3 (c) and is applied in the FE 
simulation as input data. 
Considering that the vertical length of the head simulant is 60 times of length of the 
FE model and the model is symmetric (half cylinder), the total reaction force data in Y-
direction Fy during the impact should be 
Fy = 2 ∗ 60 ∗ fy = 120fy 
where fy is the reaction force in Y-direction in the FE simulation. 
The comparison of the reaction force on the outside cylinder between the 
experimental testing and the CEL simulation is shown in Figure 3.3 (d). It can be seen that 
the frequency of the force data of the CEL simulation agree favorably with the experimental 
results. The reaction force amplitude of the FE simulation also shows good agreement with 
the experimental data. The discrepancy in the reaction force amplitude, which is higher in the 
FE simulation data by about 3% – 15% at different peaks, could be due to the damping effect 
that naturally existed in the experimental setup.  
Above all, it is demonstrated in this validation that the CEL simulation shows more 




Figure 3.3 Validation of the CEL method against experimental testing using a cylindrical 
head simulant: (a) raw acceleration data achieved from the experiment; (b) fast Fourier 
transform (FFT) of the raw acceleration data yielding three main peaks (1. 22 Hz, 2. 43 Hz, 
and 3. 66 Hz); (c) filtered acceleration data using the three main peaks in (b); and (d) 
comparison of reaction force data between the experiment and the FE simulation. 
3.4 Non-Contact Head Impact Study using a Cylindrical Head Model 
In this section, hyper-viscoelastic properties are applied in the brain part of the 
cylindrical head simulant to perform an initial investigation of the brain dynamic responses 
under sudden relative brain-skull motion.  
3.4.1 Model Description  
The FE cylindrical head simulant used in this section is a modified version from the 
FE model in section 3.2, and it is considered as a prototype FE head model. The brain part of 
the model consists of an outer cerebral cortex layer (gray matter) and an inside white matter 
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part. The dimensions of the model are the same as the experimental setup, but the material of 
the brain part (gray matter and white matter) is changed from polyurethane to hyper-
viscoelastic properties [94] using Marlow model (see 
 
Figure 2.2  Brain tractography from Giordano et al. [88]. (a) Corpus callosum: 
fiber principal orientation is in the lateral direction (A, anterior; P, posterior; L, left; R, right). 
(b) Frontal and parietal lobe: fiber principal orientation is in the superior– inferior direction 
(A, anterior; P, posterior; S, superior; I, inferior). (c) Thalamus: fiber principal orientation is 
in the superior– inferior direction (A, anterior; P, posterior; S, superior; I, inferior). 
 
Figure 2.3  Axon tracts configuration from Ugurlu et al. [99] (a) 10,000 fiber tracts 
reconstructed by tractography using seeds in the brainstem, colored according to local fiber 
orientation; (b) coronal views of fiber tracts belonging to major white matter bundles in the 
brainstem colored according to bundle; (c): sagittal views of fiber tracts belonging to major 
white matter bundles in the brainstem colored according to bundle. 
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Table 2.2). Human head and brain structures such as the sulci, falx, tentorium, 
ventricles, and cerebellum are neglected in this cylindrical FE model. A sketch of the updated 
cylindrical head simulant is shown in Figure 3.4. In addition, a whole cylindrical model is 
used for the head impact simulation rather than a symmetric model used in section 3.2, since 
the symmetric model has trouble dealing with the deformation on the contrecoup site under 
high velocity impacts, as demonstrated by the stress contour in Figure 3.5 of the symmetric 
model under initial velocity of 15 m/s. It can be seen that a dimple is first formed on the 
contrecoup site and following that the elements away from the symmetric surface tend to 
rotate to the other side during the deformation.  
 




Figure 3.5  Stress contour of the symmetric model (Vinitial = 15 m/s): the symmetric model 
leads to unrealistic results when large deformation takes place. 
The simulation of non-contact head impacts, such as sudden head movements, is 
performed by adding initial translational velocities of different values (5 − 20 m/s) on the 
brain region. Since it is more appropriate to use an overall evaluation of various 
measurements for injury prediction [37], this section provides and compare the responses of 
intracranial pressures (ICP), von Mises stress, maximum shear stress and maximum principal 
strain of the brain within the milli-scale time frame of this highly dynamic phenomenon. 
3.4.2 Displacements and Coup-Contrecoup ICP Response 
To track the brain movement with time, the vertical displacements of the top node P1 
(coup site) and bottom node P2 (contrecoup site) on brain for the 4 cases are plotted in Figure 
3.6. Since the initial thickness of CSF is 1.27 mm, the displacement of the top and bottom 
point must satisfy: DispY(P2) ≥ −1.27, DispY(P1) ≤ 1.27. As shown in the figure, the brain 
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finishes the first impact cycle before 3 ms. Among the four different velocity levels, only in 
the 5 𝑚/𝑠 case the brain does not experience solid contact with the skull on the coup site, 
which means the CSF plays an important cushion effects to prevent the collision between the 
brain and skull. For 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 20𝑚/𝑠, however, the solid impact between the brain and skull 
takes place on both coup and contrecoup sites.  
 
Figure 3.6  Y-displacement of the top and bottom node on brain 
Ten elements are chosen at the coup and contrecoup sites of the brain to study their 
ICP time histories. As depicted in Figure 3.7, one major peak can be noticed at each site and 
the ICP drops about 50% for the secondary impact on the contrecoup site. In addition, a 
secondary ICP peak on the coup site can be noticed for the two higher velocity 
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cases(15 and 20𝑚/𝑠), indicating that higher velocity impacts are more susceptible to higher 
ICP with longer durations.  
 
Figure 3.7  ICP on coup and contrecoup sites 
To locate the high likelihood contusion region on brain and study how such critical 
ICP locations vary as the function of time, the coordinates and the amplitude contour of the 
maximum ICP at each time step are plotted in Figure 3.8. The left part shows the X and Y 
coordinates of the maximum ICP at each time on brain and the right part shows the time trace 
of the Y coordinates, so that how the maximum ICP location moves on the brain can be told 
combining the left and right parts. As shown in Figure 3.8, the maximum ICP location in the 
brain moves from the coup site to the contrecoup site smoothly along the peripheral surface 
of the gray matter in the three higher velocity cases (10~20 m/s), in which, the critical ICP 
locations are generally concentrate around the temporal lobes region and the coup site. For 
Vinitial =5 m/s, the pressure amplitude is much lower compared to the three higher velocity 
cases and the maximum ICP location moves from coup site to contrecoup site almost along 
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the central vertical line. The contrecoup ICP in the 5 m/s case is apparently higher than the 
coup ICP.  
3.4.3 Maximum Principal Strain (MPS) Responses 
The location of the maximum MPS at each time step, as shown in Figure 3.9, shows 
different patterns compared to the ICP results. As depicted in the figure, the most dangerous 
locations concentrate at the contrecoup site for all four cases. For the higher velocity cases, 
the coup site and the interface between gray and white matter also seem to be vulnerable 
locations to severe injury. For Vinitial = 5 m/s, however, instead of moving along the 
peripheral surface like the other cases, the maximum strain suddenly jumped from coup site 
to contrecoup site at 1 ms and then gradually moved to the material interface at the 
contrecoup site. As the velocity increases, the critical MPS location tends to spread to wider 
ranges, indicating a more diffuse injury effects.  
The MPS contours at large deformations (before 2 ms) as well as those in later impact 
periods (13 ms) for the four cases are shown in Figure 3.10 and Figure 3.12. As shown in 
Figure 3.10, multiple dimples form at contrecoup site of the brain and the strain level near 
those dimples in 15 and 20 m/s cases exceed 0.6, which is when ‘necking’ starts (Figure 3.11) 
[94]. Consequently, the dimple at contrecoup site may cause the formation of small void, 
which might propagate in the brain and cause injury to the brain functions. It can be seen 
from Figure 3.12 that the strain wave transmits to the white matter region in a later impact 
















Figure 3.10 MPS contours under large deformation: (a) V = 5 m/s; (b) V = 10 m/s; (c) V = 15 
m/s; (d) V = 20 m/s 
 
Figure 3.11 Testing data from Pervin et al. [94]: average compressive stress–strain 




Figure 3.12 MPS contours at 13 ms: (a) V = 5 m/s; (b) V = 10 m/s; (c) V = 15 m/s; (d) V = 
20 m/s 
3.4.4 Maximum Shear Stress and von Mises Stress Responses 
Same studies on critical locations have been executed on von Mises stress and 
maximum shear (Tresca) stress. They have all shown extremely similar patterns as the MPS 
results. Figure 3.13 compares the MPS, Tresca and von Mises results, it can be seen that the 




Figure 3.13 Comparison of critical locations of MPS, maximum shear stress and von 




In this chapter, the CEL formulation used in an impact scenario is validated against 
laboratory testing. Good agreement between the FE simulation results and the experimental 
data is achieved. A parametric study of initial relative velocity between the cylindrical brain 
and skull simulants is then performed to investigate the ICP, MPS, von Mises and Tresca 
responses of the brain part. The results of the maximum shear (Tresca) stress show the exact 
same pattern as the von Mises stress but with slightly higher amplitudes. This is reasonable 
since the differences between the two theories are rarely more than 15% [123]. Therefore, it 
is only necessary to discuss one of them in the following chapters. 
In the cylindrical FE head simulant, some important brain and skull structures such as 
sulci, falx, tentorium, ventricles, cerebellum and the arachnoid trabeculae are neglected. 
Therefore, different simulation results are expected when more complicated brain structures 
are involved. For example, the simulation results of the 20 m/s case might be unrealistic 
considering the detachment of the arachnoid trabeculae due to the high strain levels; and the 
smooth moving trends of maximum ICP location from the coup to the contrecoup site may 
because neither tissue connection between the brain and skull nor sulci are considered in the 
model.  Accordingly, the simulation results in section 3.4 can be used later to compare with 
simulation results with more detailed brain structures. 
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CHAPTER 4.    INVESTIGATION OF BRAIN RESPONSES TO NON-CONTACT 
HEAD IMPACTS USING COUPLED EULERIAN-LAGRANGIAN (CEL) METHOD 
This chapter aims to include some important brain and skull structures that are 
neglected in Chapter 3 to investigate the brain responses under non-contact frontal impact 
condition. A transverse (horizontal) section FE head model is constructed and validated 
against the occipital and frontal impact data in a FE simulation by Ruan et al. [29] using a 3D 
head model. The material model used for brain tissue is validated against the side impact data 
of Hardy et al.’s [60] cadaveric experiment. A parametric study is then performed on the 
initial relative velocities between the skull and brain. The three brain tissue responses, ICP, 
maximum principal strain (MPS), and von Mises stress are used as predictors of injury 
likelihood. Initial relative angular velocities were also considered in the model to study the 
influence of head rotation on the associated von Mises stress responses of the brain. 
4.1 Construction and Validation of the Transverse Section FE Head Model 
4.1.1 Model Construction  
A FE head model in transverse plane is constructed (Figure 4.1 (b)) based on the 
dissection of human brain (Figure 4.1 (a)) [113]. According to the structure of human brain, 
the white matter is wrapped by the gray matter and they occupied about 85% of the brain 
region [26]. The present FE head model consists of skull, dura mater, falx, CSF, white matter, 
and gray matter. Meshing of each part is shown in Figure 4.1 (c). The Eulerian region 
extends throughout the brain part to ensure the inclusion of the region where the CSF may 
flow through. Relative brain-skull motion is achieved by applying initial velocity on the brain 
part, while the outer surface of the skull stays fixed. The displacement boundary condition of 
the model is set assuming that z displacement would not occur on the two side surfaces 
(normal to z), thus the plane strain condition is maintained. This boundary condition also 
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ensures that the CSF will not flow out of the subarachnoid space. Considering the brain 
motion is restrained by the arachnoid trabeculae [5], linear elastic spring elements are applied 
to connect the brain nodes to the nearest skull nodes to represent the distensible tethering of 
the cortical vasculature [114]. The spring stiffness (3460 N/m) is converted from the 
properties of the cortical veins [115]. The direction of the initial velocity is along the y 
direction, so the frontal lobe shown in Figure 4.1 (a-b) is considered as the coup site of the 
impact. 
 
Figure 4.1 Head model in transverse section: (a) dissection of human brain in transverse 




The maximum reaction force acts on the skull from the brain part is used to test the 
mesh convergence of the brain, as shown in Figure 4.2. Four different initial velocities on the 
brain part are considered. Y axis shows the percentage of difference between the results of 
the test mesh and the results for element number of 13906. It can be seen that the percentage 
all drops within 5% after an element number of 5676. The final element number used in the 
simulation is 2760.  
 
Figure 4.2 Mesh convergence of the brain part 
4.1.1 Model Validation  
The impact force data in Ruan et al. [29]’s work are scaled according to the mass 
difference between the 3D and 2D head model and applied as the input data in our simulation 
to validate our 2D FE head model against 3D simulation results. Simulation of direct impacts 
on the frontal and occipital lobes of the head are performed by applying the impact force data 
on these two sites of our FE model. The ICP responses of the brain on the coup and 
contrecoup sites are compared with the 3D simulation results, as is shown in Figure 4.3. It 
can be seen from the figure that the 2D transverse section FE head model shows higher 
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predictions for the peak coup ICP but lower ones for the contrecoup ICP in both the occipital 
and frontal impacts. However, the variation trends between the two simulations agree 
reasonably with each other. From the validation results, it can also be seen that both the 2D 
and 3D FE model predict a higher contrecoup pressure in occipital impact (compared to the 
frontal impact) and a higher coup pressure in frontal impact (compared to the occipital 
impact). As indicated by Ruan et al. [29], this result explains why injury is seen more 
frequently in the frontal lobe. 
In the FE modelling of head impacts, the accuracy of constitutive formulation of the 
brain tissue plays an important role in the overall performance of the simulations [71]. 
Material models that are widely used for brain tissues have been discussed in section 1.4. In 
order to select a reasonable one in our simulations, we examined three different material 
models in the simulation of selected side impact case (C380T5) of Hardy’s cadaveric 
experiments [60]. The material parameters of each model and the simulation results for 
C380T5 are summarized in Table 4.1. It can be seen that the linear viscoelastic model shows 
a much stiffer response compared to the two hyper-viscoelastic models: average MPS and 
relative displacement calculated using the linear viscoelastic model is lowest (about 3 times 
smaller than the experimental results). Relatively higher ICP and relative displacement are 
noticed by using the Mooney Rivlin model. The side impact simulation using the material 
parameters of the Marlow hyper-viscoelastic model provided generally best agreement 
among the three material models. Therefore, the material parameters of gray matter and 
white matter [78] using Marlow hyper-viscoelastic model were employed in our following 





Figure 4.3 ICP comparisons: (a) ICP at the coup site for the occipital impact; (b) ICP at the 
contrecoup site for the occipital impact; (c) ICP at the coup site for the frontal impact; (d) 
ICP at the contrecoup site for the frontal impact. 
4.2 Parametric Study of Initial Translational Relative Velocity 
A parametric study on initial relative velocity between the brain and skull was 
performed using the transverse section FE head model. In order to keep the strain level in the 
brain below 0.6, the relative velocities applied on the brain are set below 10 m/s in this 
section. The responses of the brain under three different initial relative velocities (5 m/s, 7.5 
m/s and 10 m/s) were investigated by considering the ICP, maximum principal strain and von 
Mises stress, which are important mechanically relevant parameters that correspond to head 
injury mechanisms. Additionally, the effects of the impact on the brain region that is likely to 





Table 4.1 Validation of the transverse section FE head model against cadaveric test data  
Test Case 
(Reference) 
Material Property/Model of Brain 
Average contrecoup 






By Hardy et al. (case 
C380T5) [60] 
-- 21.92 0.0263 2.89 
Present Model 
Linear Viscoelastic [29]  
(G0= 0.528 MPa, G∞= 0.168 MPa, β=35
-1
) 
28.33 0.0083 1.087 
Hyper-viscoelastic  
(Mooney Rivlin model[86]: K= 2.19 GPa, 
C10= 3.1025 kPa, C01= 3.4772 kPa, G1= 







33.43 0.0178 3.601 
Hyper-viscoelastic 
(Use Marlow model to fit the stress-strain 
curve and relaxation data of gray and white 
matter in reference [94])
 
 





Table 4.2 Input parameters for the non-contact head impact simulation 
Parts Dimensions 








Skull[37] 6-7 mm thick 1800 15 0.21 
2760 
Linear hexahedral 
elements of type C3D8R  
Dura mater[37] 1.2-1.5 mm thick 1130 0.0315 0.45 
White matter  
185 mm in height, 150 
mm in width 
1040 Bovine brain tissue 
material data by Pervin 
et al. [94] 
0.49 
8812 
Gray matter  2.5-10 mm thick 1040 0.49 
Falx[37] 1 mm thick 1133 0.0315 0.45 100 
Shell elements of type 
S4R  
CSF[116] Initial thickness: 1.27 mm 
Abaqus Equation of State (EOS) parameters: 
 Bulk modulus = 2.19 GPa, 
Density = 1000 kg/m
3









-- Stiffness: 3460 N/m [114] -- -- 
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4.2.1 ICP Responses 
Sudden change of ICP has been found to be highly associated with cerebral 
contusions [63]; and the tissue damage is correlated to the peak pressure during the impacts 
[15] as well as the acting time [47]. Ward et al. [66] has proposed an ICP criterion based on 
combined analytical and live animal experimental data. This criterion suggested that no brain 
injuries would occur when ICP < 173 kPa, while severe brain injury would occur when the 
peak ICP > 235 kPa.  
Variations of the averaged ICP with time, for both gray and white matter, are shown 
in Figure 4.4. The average ICP in both the gray and white matter peaks at around 1 ms and 
drops rapidly afterwards. Although the peak ICP values exceed the threshold pressure (235 
kPa) in all three velocity cases, the ICPs drop into the safety range before 2 ms. It can also be 
seen in Figure 4.4 that the ICP in white matter is about 1.3 times higher than ICP in gray 
matter. 
 
Figure 4.4 Variation of average ICP with time for the three velocity cases considered: (a) 
Gray matter; (b) White matter. 
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To locate the brain regions susceptible to contusions and also study how the critical 
ICP location varies with time, the coordinates and amplitude of the maximum ICP at each 
time step (before 4 ms) are plotted in Figure 4.5. For each velocity case, the left panel of the 
figure maps the X and Y coordinates of the maximum ICP element at each time step to the 
brain outline, while the right panel shows the time trace of those Y coordinates. Therefore, 
combining the left and right parts of the figure provides insight into how the pressure wave 
moves on the brain with time. As depicted in Figure 4.5, within the first 3 ms, a clear moving 
trend of the pressure wave from coup to contrecoup site can be noticed. For the two lower 
velocity cases (5 m/s and 7.5 m/s), the magnitude of maximum ICP rapidly drops below 200 
kPa when the pressure wave spreads to the contrecoup site. For the 10 m/s, however, the ICP 
at contrecoup site is apparently higher. For all the three cases, the critical ICP locations are 
primarily concentrated in the peripheral gray matter region, especially around the gyrus and 
sulcus, even though the average ICP is higher in the white matter region.  
It is worth noting here that the moving trends of critical ICP location in the three 
velocity cases are similar to the results shown in section 3.4, where sulci are excluded in the 
model. However, it takes twice as much time (3 ms) to finish the pressure wave transmission 
from the coup to contrecoup site when sulci are considered in the model, since the pressure 
concentration in the sulci regions delays the wave transmission process. In addition, ICP 
concentration can also be noticed around the ventricle system near the coup site, indicating 




Figure 4.5 Time traces of critical ICP locations: (a) 5 m/s; (b) 7.5 m/s; (c) 10 m/s. 
4.2.2 Maximum Principal Strain (MPS) Responses  
MPS was shown to be a good predictor of central nervous system (CNS) injuries, 
such as diffuse axonal injury (DAI), cell death and neuronal dysfunction [58,65]. As shown 
in Table 2.1 in Section 2.2, Deck et al. [67] used MPS in the gray matter as a predictor of 
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DAI, where a MPS level of 0.31 has been proposed as a tolerance limit for a 50% likelihood 
of mild DAI for human. To study how mechanical deformations relate to the living brain 
tissue responses, Morrison et al. [65] developed an organotypic brain slice culture model and 
found that Lagrangian strain levels ≤ 0.10 would not lead to cell injury, while strain levels 
larger than 0.20 would cause cell injury. Zhang et al. [63] proposed that MPS of 0.14, 0.19 
and 0.24 correspond to 25%, 50% and 80% probability of mTBI respectively. 
Averaged maximum principal strains in gray and white matter, calculated under the 
three different relative velocities, are shown in Figure 4.6. As demonstrated in the figure, the 
variation trends of maximum principal strain in gray matter and white matter are similar, 
except that the strain level is slightly higher in the white matter region after 6 ms. The strain 
level of the 5 m/s case stays in the safety range during the impact, while the possibility of the 
7.5 and 10 m/s cases to sustain mTBI in the gray matter region are 25% and 50% respectively. 
The threshold value of 0.2 has not been exceeded when considering the average maximum 
principal strain in gray and white matter for all three cases. 
 
Figure 4.6 Variation of average MPS with time for the three velocity cases considered: (a) 
Gray matter; (b) White matter. 
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As depicted in Figure 4.7, the most dangerous locations concentrate at the contrecoup 
site for all three cases. This result implies that the non-contact head impact, such as a sudden 
head deceleration process, is similar to the condition when a moving head impacts a 
stationary object, where the contrecoup injury is typical [117]. It can also be noticed that as 
the relative velocity between the brain and skull increases, the strain wave tends to spread to 
a wider range on the brain, indicating high likelihood of diffuse axonal injury. Since such 
contrecoup injury pattern resembles the simulation results with no sulci included (Figure 3.9), 
it can be concluded here that the strain concentration at contrecoup site has nothing to do 
with the tissue connection (arachnoid trabeculae) between the brain and skull. It is more 
likely to be caused by the strain wave propagation from the coup site of the brain, which 
amplifies the preexisting brain deformation at the contrecoup location. Nevertheless, due to 
the inclusion of the arachnoid trabeculae (representing by the linear spring elements), the 
MPS level is higher in the transverse section FE head model since the tissue connection 
between the brain and skull is inclined to drive the brain back towards its original position 
during the movements. 
From the MPS contours of relative velocity of 5 and 10 m/s cases, as shown in Figure 
4.8, strain concentration can be noticed on the peripheral brain surface and the region near 
the central ventricle system. Then the strain wave gradually moves from the peripheral gray 
matter to the center white matter region during the impact for both cases. This explains why 
the average strain level in white matter is higher than the gray matter in a later impact period.  
By comparing to the MPS contours without sulci and arachnoid trabeculae in Figure 3.10 and 
Figure 3.12, it is found here that the CSF is trapped inside the sulci regions during the brain 
movements and the tissue connection (arachnoid trabeculae) between the brain and skull 
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restrains the large brain motion at the contrecoup site as the brain moving towards the coup 
site.  By comparing Figure 3.12 and Figure 4.8 in particular, it can be seen that the sulci and 
arachnoid trabeculae play important roles to prevent the accumulation of CSF on the 
contrecoup site. However, for the 10 m/s case in Figure 4.8, the movement of the brain leads 
to the excessive accumulation of CSF in the ventricle system, which, has been shown to be 
the major cause of hydrocephalus [118].  
4.2.2 Von Mises Stress Responses 
Since the critical stress location based on von Mises criterion shows extremely similar 
pattern as the maximum principal strain results as discussed in section 3.4. Therefore, only 
the averaged stress results are discussed here. For the averaged von Mises stress results in 
gray and white matter, as depicted in Figure 4.9, the average stress level is about four times 
higher in gray matter than white matter due to the stress concentration on the peripheral 
surface of the gray matter during the impact. 
Von Mises stress distribution has been found to correlate well with head lesions [39]. 
It has been shown in a reconstruction of collisions involving motorcyclists, pedestrians, and 
football players that von Mises stress levels of 18 kPa and 38 kPa correspond to a 50% risk 
for moderate and severe neurological lesions, respectively [41]. According to this criterion, 
the 5 m/s case stays in the safety range during the impact. The 7.5 m/s and 10 m/s cases, 
however, are likely to have moderate and severe neurological lesions respectively in the gray 












Figure 4.9 Variation of average von Mises stress with time for the three velocity cases 
considered: (a) Gray matter; (b) White matter. 
4.3 Influence of Initial Relative Angular Velocity to the Translational Impacts 
Since DAI is closely related to rotatory shearing forces [63], two different initial 
angular velocities, ω = 25 and 50 rad/s (about 2 m/s and 4 m/s linear speed respectively), 
were added to the FE head model to study the von Mises stress responses under translational 
as well as angular relative velocities between the brain and skull.  
As depicted in Figure 4.10 (a), when the 25 rad/s relative angular velocity is added to 
the model, the maximum stress level does not change much for the three cases even though a 
slightly higher stress level can be noticed in the later impact period. For the inclusion of 50 
rad/s relative angular velocity in the model, as shown in Figure 4.10 (b), the results suggest 
that the relative angular velocity added to the model has much larger influence to the lower 
translational velocity cases than the higher ones (e.g. the average stress in white matter for 
the 5m/s case is as high as that of the 7.5 m/s case). Higher elevations in the average stresses 
(about 12%-30% for 25 rad/s and 20%-70% for 50 rad/s) can be noticed, especially in the 
white matter region, indicating a more widespread (diffuse) injury effects with the inclusion 
of angular velocities. The time traces of critical MPS element for the 5 m/s case with 
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different angular velocities, as shown in Figure 4.11, further confirms the diffuse injury 
effects as the angular velocity increases.  
 
 f 
Figure 4.10  Von Mises stress responses under translational as well as angular relative 
velocities between the brain and skull. (a) ω=25 rad/s; (b) ω=50 rad/s. (In (a) and (b), figures 
in the first row show the time histories of the maximum von Mises stresses in the brain; 





Figure 4.11  Time traces of critical MPS locations in V = 5 m/s when different angular 
velocities are added in the model : (a) ω = 0; (b) ω = 25 rad/s ; (c) ω = 50 rad/s. 
From the MPS contour of V = 10 m/s, ω = 50 rad/s, as shown in Figure 4.12, it can be 
seen that to resist detachment from the inner skull layer (dura mater), the peripheral brain 
region experiences very large deformation at the beginning of the impact. The rotation of the 
brain tends to squeeze away the CSF between the temporal lobes and skull; this could cause 
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the contact and abrasion between the brain and skull, resulting in cerebral contusions. The 
connection between the brain and skull is the key reason to cause the relative moving pattern 
between the peripheral and central brain regions. From Figure 4.13, which shows the velocity 
field of CSF at different time, an obvious counterclockwise flow of CSF in the ventricle 
system can be noticed at the beginning of the head rotation. However, as the central brain 
region being dragged back towards the original position (at 10 ms), irregular fluid motion 
takes place in the ventricle system due to the divergent flowing of the CSF. Such abnormal 
motion of fluid is dangerous since the normal circulation of CSF in the brain might be 
blocked, resulting in the accumulation of toxic metabolites [125].  
 




Figure 4.13  Illustration of CSF flow at different time for V= 10m/s, ω= 50 rad/s. 
4.4 Conclusion 
In this chapter, important brain and skull structures (sulci, falx, dura mater, arachnoid 
trabeculae and ventricle system) are added in a transverse section FE head model to study the 
brain responses when relative motion between the brain and skull takes place. Validation of 
the transverse section FE head model is performed against both 3D FE simulation data by 
Ruan et al. [29] and Hardy et al. [60]’s cadaveric data. In the head impact simulation, two 
scenarios are considered, one with only translational relative velocities (5 m/s to 10 m/s) 
between the brain and skull; the other adds the relative angular velocities. According to the 
simulation results, the following conclusions are derived: 
64 
 
(1) According to the simulation results of the first scenario, a contrecoup injury is found 
typical when sudden translational brain-skull motion takes place; and such contrecoup 
injury pattern shows no correlation with the tissue connection (arachnoid trabeculae) 
between the brain and skull.  
The inclusion of sulci delays the ICP wave propagation process due to the pressure 
concentration in the gyrus and sulcus. The sulci structure on the brain also lower the 
pressure level in the transverse section FE model compared to the cylindrical FE head 
simulant. In addition, since the sulci traps the CSF inside and the arachnoid 
trabeculae between the cerebral cortex and dura mater restrain the large brain 
movements, the CSF accumulation at the contrecoup site of the brain is successfully 
prevented. However, adding the arachnoid trabeculae increases the MPS level in the 
brain; and the brain movement under higher velocities (10 m/s) leads to the CSF 
accumulation in the ventricle system, which has been shown to be a major cause of 
hydrocephalus.  
(2) For simulations with the inclusion of two different initial angular velocities (25 rad/s 
and 50 rad/s), the results show that the increase of the angular velocity in the model 
has greater influence to the lower translational velocity cases than the higher ones. 
More apparent elevations of the average stresses than maximum stresses are noticed, 
especially in the white matter region, confirming that the diffuse brain injury is 
associated with head rotations. In addition, the temporal lobes are susceptible to 
cerebral contusions since the protecting CSF has been squeezed away due to the 
relative rotation between the brain and skull. 
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Above all, the CEL formulation implemented in this study provides a way to simulate 
the brain-skull interaction during a non-contact impact condition, in which the accumulation 
effect of the CSF and the contact between the brain and skull can be realized.  
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CHAPTER 5.    COMPARISON OF BRAIN DYNAMIC RESPONSES UNDER NON-
CONTACT AND DIRECT IMPACTS 
Direct head impact and non-contact head impact are two major causes of closed head 
injury. Compared with the non-contact scenario, direct impact is more widely studied due to 
its relatively higher incident rates of traumatic brain injury (TBI). In this chapter, the 
dynamic responses of different brain regions are investigated and compared under direct and 
non-contact impact conditions. A coronal section finite element (FE) head model is 
constructed based on the coupled Eulerian-Lagrangian (CEL) method. Compared to the 
transverse section FE head model shown in chapter 4, this coronal section FE head model 
includes more detailed brain structures such as brainstem, cerebellum, tentorium cerebelli 
and corpus callosum. Anisotropic fiber-reinforced material properties with varying primary 
tissue orientations and dispersion coefficients are applied for different brain regions. The 
dynamic responses of brain tissue and brain regions susceptible to injury are evaluated based 
on the maximum shear stress and maximum principal strain criteria.  
5.1 Construction and Validation of the Coronal Section FE Head Model 
5.1.1 Model Construction  
A coronal section FE head model, as shown in Figure 5.1 (b), is constructed based on the 
coronal T1 MRI brain [120] (Figure 5.1 (a)). Meshing of each part is shown in Figure 5.1 (c). 
The Eulerian mesh (CSF region) is extended beyond the brain and skull boundaries to ensure 
the inclusion of the region where the CSF may flow through. Since using a completely free 
boundary condition for the head is too computationally expensive for the CEL method and 
fixing the whole skull influences the force transmission in the direct head impacts, we only 
fix the central (yz) surface on the skull (not including the falx region) in our model. In 
addition, sagittal displacement is prohibited on the two side surfaces (normal to z) in order to 
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maintain a plane strain condition and to ensure the CSF would not flow out of the 
subarachnoid space. Considering the brain motion is restrained by the arachnoid trabeculae 
[5], linear elastic spring elements are applied to connect the brain nodes to the nearest skull 
nodes to represent the distensible tethering of the cortical vasculature [114]. Based on the 
primary orientation and dispersion coefficient (κ) at different brain regions, the brain part is 
further partitioned into five subregions (the κ values that showed the best match with the 
experimental data in Giordano et al. [88]’s work are selected here): cerebral cortex 
(isotropic), corpus callosum (lateral direction, κ= 0.1), brainstem (superior– inferior 
direction, κ= 0.2), cerebellum (lateral direction, κ= 0.25) and the cerebrum (superior– inferior 
direction, κ= 0.25). Dimensions and material properties of the FE model are summarized in 
Table 5.1.  
 
 
Figure 5.1 Coronal section head model: (a) T1 MRI brain [46]; (b) the FE head model. In (b), 
different colors are used to represent different material properties in the brain; red transparent 
ellipses are used to mark the locations of temporal lobes (bigger ones) and the thalamus 






Table 5.1 Input parameters of the FE head model 
Part Dimensions 










Skull[37] 7-10 mm thick 1800 15 0.21 
0.0228 1083 
Linear hexahedral 





1-2 mm thick, 45 mm 
in length 
1133 0.0315 0.45 
Brain 
175 mm in height, 155 
mm in width 
1040 
Anisotropic hyperelastic properties 




Initial thickness: 1.27 
mm 
Abaqus Equation of State (EOS) parameters: 
 Bulk modulus = 2.19 GPa, 
Density = 1000 kg/m
3
 , 













5.1.1 Model Validation  
The two-dimensional (2D) coronal section FE head model is validated by comparing 
with Ruan et al.’s [29] simulation data using three-dimensional (3D) FE human model and 
cadaveric test data obtained from Hardy et al. [60]. Ruan et al. performed dynamic impacts at 
different sites of a 3D FE head model using linear viscoelastic material model for the brain 
part. Same material properties are adopted on our 2D FE model. The impact force data in 
Ruan et al.’s study are scaled according to the mass ratio between the 3D and 2D model 
when performe the validation.  
Figure 5.2 shows the comparison of the ICP responses at coup and contrecoup site 
between our 2D and Ruan et al.’s 3D FE simulations. As shown in the fiugre, good 
agreements of the coup ICPs are achieved for both side and crown impacts. The variation 
trends of the contrecoup ICPs of the 2D and 3D simulation also agree with each other 
reseanably well, although the compressive pressures are about 1.25 times higher in the 3D 
simulation. Similar results have been noticed in section 4.1 for the transverse section FE head 
model. Such results indicate that when a 3D FE model changed to be 2D when perform the 
direct impact study, little influence will be created on the coup pressure, but the contrecoup 
pressure might be underestimated.  
The anisotropic fiber-reinforced material properties are then applied in our 2D FE 
head model to simulate the two side impact conditions (C380T6 and C393T3) performed by 
Hardy et al.. Figure 5.3 compares the ICP and MPS of the 2D FE simulation and the 
cadaveric test data. As demonstrated in figure, both the ICP and the MPS are slightly higher 
in the 2D model. The deviations may due to application of artificial CSF in the experimental 
specimens. In Hardy et al.’s cadaveric head impact experiments, the specimens were re-
pressurized using the artificial CSF. Thus, the real functionality and effects of the CSF is 
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unknown from this study. Generally speaking, the simulation would be valid when the 
coronal section FE head model is used.  
5.2 Comparison between Direct and Non-Contact Side Impacts 
5.2.1 Input Parameters of the Direct and Non-Contact Impacts 
The dynamic responses of brain tissue under direct impact and non-contact impact are 
investigated here using the validated coronal section FE head model. For the direct impact 
case, a sinusoidal impact force of 3 ms duration is applied on the temporal lobe (coup site) of 
the skull with the loading point aligned with the center of the model. In the non-contact 
impact case, a sinusoidal acceleration field of 3 ms is applied in the brain region to mimic a 
sudden head movement. Considering applying same force amplitude on the skull and brain 
will cause much severer injury to the brain, the realtive motion between the brain and skull 
(dr), as a consequence of the applied loading/acceleration, is used as a comparison indicator 
for the two impact cases. It has been shown that dr is not only closely correlated with the 
stress/strain levels in the brain [60], but also is associated with surface contusions, 
concussion, DAI, and acute subdural hematoma [63].  
In Hardy et al. [60]’s caveric experiments, neutral density targets (NDTs) on upper 
left and right side of the brain were selected to evaluate the relative motion between the brain 
and skull. In this study, however, dr is calculated by considering the average displacements of 
all brain nodes in order to take into account the motion of the whole brain. The expression of 









where i is the i
th






Figure 5.2 ICP validation of the 2D FE coronal section head model against Ruan et al.[1]’s 
3D FE simulation data: (a) side impact; (b) crown impact. 
 
 
Figure 5.3 ICP and MPS validation of the 2D FE coronal section head model against 
Hardy et al.[2]’s cadaveric data: (a) side impact cadaveric test case C380T6; (b) side impact 
cadaveric test case C393T3. 
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5.2.2 Parametric Study on the Relative Brain-Skull Motion (dr) 
The Tresca stress and MPS at different brain regions are calculated for the direct and 
non-contact impact cases under different values of dr (1.5 mm, 2mm and 2.5 mm). In order to 
compare the injury likelihood at different brain regions, the Tresca stress ratio and MPS ratio 
between the non-contact and direct impact cases under different dr are calculated and 
summerized in Table 5.2. In the table, red color is used to mark the ratios that are bigger than 
1, which means the stress or strain is higher in the non-contact impact cases. According to the 
results shown in Table 5.2, the direct impact case experiences higher stress and strain in the 
corpus callosum and temporal lobes at dr of 1.5 mm. However, as dr increases, the MPS in 
temporal lobes become higher in the non-contact impact condition. Besides, the non-contact 
impact case sustains higher stress and strain in the thalamus and brainstem regions. It is 
worth noting that a clear increasing trend of stress and strain ratios can be noticed as the 
relative motion dr incrases, especially in the thalamus region, indicating that the stress and 
strain level is more sensible to the relative brain-skull motion in the non-contact impact case. 
5.2.2 Brain Dynamic Responses when dr = 2.5 mm 
Since the stress and strain ratios are not able to characterize the critical injury 
locations in the brain for the two impact conditions, the Tresca stress and MPS distribution at 
different brain regions are investigated for dr = 2.5 mm in this section.   
The time histories of the relative brain-skull movements in the direct and non-contact 
side impact cases when the resultant amplitude dr reaches 2.5 mm are shown in Figure 5.4 (a). 
As depicted in the figure, when the two impact cases share same resultant brain-skull motion 
of 2.5 mm, the amplitude of the translational displacement is 1.3 times higher in the non-
contact impact condition, while the vertical (Y) displacement is about 3.8 times higher in the 
direct impact case. The higher vertical brain displacement, which leads to the second peak in 
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dr in the direct impact case, is induced by the movement of the skull as it recovers from its 
deflected state. As shown in Figure 5.4 (b), when dr = 2.5 mm takes place in the two impact 
cases, the applied force on the skull (in direct impact) is 2.3 times higher than that on the 
brain (in non-contact impact). 
The maximum stress/strain induced by the impact force may closely related to the 
injury severity in brain. To locate the high likelihood injury location and investigate how 
such critical location varies with time, the time history of the location (x and y coordinates) 
and value of the maximum MPS element are plotted in Figure 5.5 for the two impact cases. 
According to the time traces of the maximum MPS locations and contours, the critical 
locations concentrate at opposite sites of the brain for the direct and non-contact impact 
conditions. The contrecoup pattern for the non-contact impact case matches the simulation 
data provided by Drew et al. [119]’s, who claimed that such pattern is due to the brain initial 
movemenet at the contrecoup location. However, a more diffuse distribution of the critical 
MPS elements can be detected in the direct impact case: the maximum MPS during the direct 
impact takes place at the site directly below the impact location, but the upper coronal brain 
region also suffers from high MPS, indicating a high injury possibility also for this region. 
The time traces of critical Tresca stress element is not discussed here since it shows 






Table 5.2 Tresca and MPS ratio (Non-Contact/Direct) when Relative Brain-Skull Motion dr = 1.5, 2, 2.5 mm 


















1.5 0.6123 1.1058 0.5759 1.0381 0.4486 0.9245 0.9379 1.1726 
2 0.6032 1.2898 0.6259 0.9881 0.4686 1.2714 1.0433 1.3130 
2.5 0.6885 1.5581 0.6504 1.0529 0.6085 1.7062 1.0843 1.3591 
* The stress and strain ratio calculated in the temporal lobes considered the average stress and strain at coup and contrecoup site for the two impact conditions.  
 
Figure 5.4 Relative brain-skull motions and applied loadings in the direct and non-contact impact cases: (a) relative brain-skull motion; 




Figure 5.5 Time traces of critical MPS locations in brain: (a) direct head impact; (b) non-
contact head impact. In (a) and (b), the ‘x’ and ‘y’ coordinates of the maximum MPS element 
at each time step are mapped to the brain outline in the upper left figure, which shares the 
same y axis with the figure on its right and the same x axis with the figure below it; thus how 




Figure 5.6 Time traces of critical MPS locations in brain: (a) Direct impact; (b) non-contact 
impact. 
Under the applied loading, we speculate the mechanically induced brain deformation 
at a particular region in the brain differs between the direct and non-contact impacts. To 
confirm this and investigate their differences, the ICP, MPS and Tresca stress at different 
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brain regions are calculated and compared between the two impact cases when their dr both 
reach 2.5 mm. Results are shown in Figure 5.7-5.9. As demonstrated Figure 5.7 (a), 5.8 (a) 
and 5.9 (a), the maximum ICP, MPS and Tresca stress are higher in the direct impact case, 
indicating a more apparent injury pattern in direct impact than non-contact impact. However, 
a further investigation into the MPS and Tresca stress at different brain regions shows that 
the thalamus and midbrain region are vulnerble to injury in the non-contact impact case. 
Both MPS and maximum shear stress (Tresca stress) have been shown to be good 
predictor for DAI [59,63,65]. Zhang et al. [63] proposed that the predicted shear stress 
response in the midbrain region was the best injury predictor over other parameters. 
According to the axonal strain criterion proposed by Giordano et al. [70], as shown in Table 
2.1, the MPS in the corpus callosum region of the direct impact case may sustain axonal 
injury (threshold 0.07 is exceeded). For the midbrain region, although the non-contact 
condition sustain much higher strain level than the direct impact, the threshold value 0.15 is 
not exceeded. Based on Zhang et al. [63]’s MPS criterion, the temporal lobe is highly likely 
to have mild TBI at coup site in the direct impact case and countrecoup site in the non-
contact impact condition.  
The Tresca stresses of both the thalamus and the midbrain region in the non-contact 
impact case reach the mean injury stress threshold (3.7 kPa and 7.2 kPa respectively) 
proposed by Zhang et al.. The Tresca stresses in the temporal lobes and medulla (the lower 
brainstem region) in the two impact cases all exceed the mild DAI threshold limit raised by 





















Figure 5.9  Time history of Tresca stress: (a) maximum Tresca stress in the brain; (b) Tresca stress at different parts of the brain. 
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5.2.3 Effect of Fractional Anisotropy (FA) on Brainstem Responses 
The fibre-reinforcement dispersion coefficient κ in the range of 0-1, which 
coresponding to the FA of 1-0, are tested on the brainstem region in order to investigate how 
the degree of anisotropy influences the MPS and Tresca stress of the brainstem region in 
direct and non-contact impacts. It can be seen in Figure 5.10 (a) that a stiffer response of the 
brain tissue is detected as κ decreases (or the FA increases), therefore causing the decreases 
of MPS in response to such increase of fiber alignment, as shown in Figure 5.10 (b). For 
lower FA conditions, higher amplitude of MPS with longer action time on the brain can be 
noticed. These results show excellent agreement with Giordano et al. [88]’s data. On the 
other hand, the non-contact impact case experiences 1.04 times higher Tresca stress and 1.31 
times higher MPS than the direct impact case considering different degrees of anisotropy, 
indicating the variation in FA has little influence on the stress or strain ratio of the brainstem 
region for the two impact conditions. 
 
Figure 5.10 Effect of anistropy on the Tresca stress and MPS responses of brainstem: (a) 





In this chapter, a coronal section FE head model is constructed based on the CEL 
method to compare the dynamic responses of different brain regions between the direct and 
non-contact side impact conditions. To ensure the biofidelity of the model, varied primary 
orientations and tissue alignments are applied for different brain regions according to DTI 
data in the literature.Validation of the 2D FE model is performed against both 3D FE 
simulation data and cadaveric testing data. According to the current investigation, following 
conclusions are derived: 
(1) In the parametric study of dr, a clear decreasing trend of stress and strain ratios 
between direct impact and non-contact impact can be noticed as dr incrases, 
especially in the thalamus region, indicating a higher sensitivity to the relative brain-
skull motion of the non-contact impact case.  
(2) When a relative motion of 2.5 mm takes place, a more diffuse injury effect and 
apprantly higher maximum stress and strain level can be noticed in the direct impact 
condition and typical injury locations are found to be the temporal lobe directly 
beneath the impact location and the upper coronal brain region. This confirms the fact 
that the injury symptoms of the direct head impact is more obvious than non-contact 
impact.  
(3) A further investigation of stress and strain in different brain regions under dr of 2.5 
mm shows that, although the corpus callosum and temporal lobe (coup site) sustain 
higher axonal injury likelihood in the direct head impact case, the thalamus and 




(4) A higher FA (or lower κ) leads to a stiffer responses of the brain tissue and such 
results agree favorably with Giordano et al. [88]’s data. The stress and strain are both 
higher in the non-contact impact and the stress and strain ratios between the non-
contact and direct impact condition (about 1.31 and 1.04 respectively) change little as 
the degree of anisotropy in the brainstem region increases.  
Above all, the non-contact and direct side impacts exhibit varied injury patterns under 
same dr. It is indicated in this chapter that due to the higher overall maximum stress/strain 
level as well as the higher average Tresca stress at temporal lobe which directly below the 
impact location, the injury pattern should be more apparent in the direct impact condition 
than the non-contact impact. However, attention should also be drawn on the thalamus and 




CHAPTER 6.    CONCLUSION 
6.1 Conclusions 
TBI has been identified to be a serious public health problem that affects all 
populations throughout the world. As a major cause of death and disability, especially in 
young adults [2], TBI creates considerable burdens to the society with high economic costs. 
Accordingly, investigation into the common causes of TBI such as dynamic head impact 
problems is of great importance in order to further understand the injury mechanisms, 
precisely diagnose the level of the injuries, and develop effective prevention methods. Due to 
the lack of accurate measurements of the human head kinematics, finite element method has 
been widely used for gaining insights into the mechanical response of brain tissue during 
impacts. However, there are still computational challenges to be addressed and severe mesh 
distortion effect in the CSF region is one of them. In addition, due to the difficulty in the 
diagnosis of DAI in mTBI, the biofidelity of constitutive formulation of the brain tissue plays 
an important role in the overall performance of the simulations.  
In this study, the coupled Eulerian-Lagrangian (CEL) formulation in Abaqus/Explicit 
is implemented in the head impact simulations, aiming to overcome the mesh distortion 
difficulties due to large deformation in the CSF region and provide a biofidelic model of the 
interaction between the brain and skull. Three major tasks performed in this study and their 
main findings are summarized as following: 
Task 1: The CEL formulation used in an impact scenario is validated against 
laboratory testing and good agreement between the FE simulation and experimental data is 
found. A parametric study of initial relative velocity between the cylindrical brain and skull 
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simulants is then performed to investigate the ICP, MPS, von Mises and Tresca responses of 
the brain part. Contrecoup injury patterns are noticed for all the impact levels considered.  
Task 2: Important brain and skull structures such as sulci, falx, ventricles and the 
arachnoid trabeculae that are neglected in the cylindrical FE head simulant are added in a 
transverse section FE head model to study the brain responses under non-contact impact 
conditions. Validation of the transverse section FE head model is performed against both 3D 
FE simulation data by Ruan et al. [29] and Hardy et al. [60]’s cadaveric data. In the head 
impact simulation, two scenarios are considered, one with only translational relative 
velocities (5 m/s to 10 m/s) between the brain and skull; the other adds the relative angular 
velocities.  
According to the simulation results of the first scenario, similar brain responses have 
been noticed for the ICP and stress/strain behaviors compared to the simulation results using 
the cylindrical FE model. However, the inclusion of sulci helps to delay the ICP wave 
propagation process and lower the pressure level in the brain. Together with the arachnoid 
trabeculae, the sulci structures also prevent the CSF accumulation on the contrecoup site of 
the brain since the tissue connection between the brain and skull restrain the large motion of 
the brain part and the CSF is trapped inside the sulci regions. However, the arachnoid mater 
connection between the cerebral cortex and dura mater increases the MPS level in the brain 
and the movements of the brain leads to leads to the excessive accumulation of CSF in the 
ventricle system, which, has been shown to be the major cause of hydrocephalus [118].  
For simulations with the inclusion of two different initial angular velocities (25 rad/s 
and 50 rad/s), more apparent elevations of the average stresses than maximum stresses are 
noticed in the white matter region, which confirms a more widespread (diffuse) injury effects 
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with the inclusion of angular velocities. In addition, the temporal lobes are susceptible to 
cerebral contusions since the protecting CSF has been squeezed away due to the relative 
rotation between the brain and skull. 
Task 3: A 2D coronal section FE head model is constructed based on the CEL method 
to compare the dynamic responses of different brain regions in the direct and non-contact 
side impact conditions under same relative brain-skull motion dr. Local differences in 
mechanical properties within the white matter region are accounted for in order to increase 
the biofidelity of the model. Same validation step as Task 2 has been performed. The 
dynamic responses of brain tissue and brain regions susceptible to injury are evaluated based 
on the Tresca stress and MPS criteria. 
When comparing the brain responses under different dr for the two impact conditions, 
the non-contact impact condition shows a higher sensitivity to the relative motion between 
the brain and skull. Under a relative motion of 2.5 mm, a diffuser injury effect and apprantly 
higher maximum stress and strain level can be noticed in the direct impact condition and 
typical injury locations are found to be the temporal lobe directly beneath the impact location 
and the upper coronal brain region. The results confirms the more obvious injury symptoms 
in the direct impact case. However, attention should also be drawn on the thalamus and 
midbrain in the non-contact impact condition due to the potential axonal injuries in these 
regions. 
By changing the fractional anisotropy (FA) in the brainstem region, it is found that a 
higher FA (or lower κ) leads to a stiffer responses of the brain tissue. But the change of tissue 
alignment in the brainstem region has little influence on the stress and strain ratio between 
the direct and non-contact impacts. 
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6.2 Future Works 
It has been suggested in the review of finite element models for the head impact study 
in 2019 [124] that local differences in mechanical properties in the white matter should be 
accounted for. In this study, we considered the difference of dispersion parameter and 
primary fiber orientation in different regions of the white matter, but this also calls for the 
development of more comprehensive head injury criterions (in different brain regions) in 
order to provide more detailed and accurate prediction of head injury. 
The non-contact impact simulation in this study is performed by adding relative 
velocity or acceleration between the brain and skull. However, in certain non-contact head 
impact condition such as a sudden upper body deceleration process in car crashes, the 
brainstem may control the movements of the brain [38]. Thus, the influence of the brainstem 
on the brain responses under non-contact head impact conditions demands further 
investigation.  
On the other hand, although current FE simulations are capable of calculating the 
stress and strain responses of the brain immediately after the head impacts, it has been shown 
that the disconnection of the axons actually develops over a longer time [124]. Therefore, 
future studies should focus on the development of history-dependent damage models which 
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